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Introduction
In the recent years, solution processed small molecule donors have attracted attention as alternatives to conjugated polymer-based donors in organic solar cells (OSCs). These materials show several advantages compared to their polymeric counterparts, such as well-defined structures without the end group contaminants, simple synthesis and purification, low dispersity, and excellent batchto-batch reproducibility [1, 2, 3, 4, 5, 6, 7] .
One of the most efficient structures of small molecule donor materials has turned out to be the A-D-A type structure in which A refers to an electron acceptor unit and D refers to an electron donor unit. Often, these kinds of molecules are also termed push-pull-push type donor materials. By changing both the central D and terminal A units and a possible -conjugation bridge in between the A and D units, desired material properties can be tailored and high power conversion efficiencies (PCEs) achieved [8] . For example, one of the best-performing small molecule donors is p-DTS(FBTTh2)2 ( Fig. 1 ) [5] . Up to 8.9% PCE has been reported with this molecule by optimizing the OSC device structure [9] . Moreover, it has been demonstrated that some small molecule materials can produce very high PCEs both in bulk heterojunction (BHJ) based OSCs and in perovskite solar cells [10] . Especially, 2,1,3-benzothiadiazole (BT) unit and its substituted derivatives have been widely utilized as building blocks (A units) in both polymer and small molecule electron donor materials [11, 12] . Moreover, various D units have been studied as a component of OSC donor materials [12, 13] .
Carbazole (Cz) has been employed as the D unit in various semiconducting polymers and dye molecules [14, 15] . The main advantage of the poly(2,7-carbazole)-based OSC devices is high open circuit voltages (Voc). Moreover, internal quantum efficiency can be close to 100% [16] . Few years ago, Cz-based small molecule materials showed promising results as donor components in BHJ OSCs [17, 18] . Since then, small molecule materials containing Cz as the D unit have gained growing interest and shown promising results. At least, three main structures A-D-A [19, 20] , D-A [21, 22] , and D-A-D [23, 24, 25, 26] have been introduced. However, more experimental studies are needed to discover new state-of-the-art small molecule electron donors and, in particular, to gain systematic information about the relationships between their chemical structures, material properties, and performance in OSC applications.
Recently, we reported a synthetic pathway to BT-based building blocks [27] . Since then, we have further developed the synthetic strategy and, here, we present the syntheses of two 
Experimental section
Commercial reagents were used as received. 2-(3-Hexylthiophen-2-yl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiazole and compound 3b were synthesized using the previously published methods [27] . The chemical structures of new compounds were characterized by using NMR and HRMS techniques. Melting points (reported as peak values) of compounds 5a, 5b, 6a, and 6b were measured by using Mettler Toledo DSC 1 apparatus with a TSO800GC1 Gas 
Syntheses
Synthesis of 4-bromo-5-fluoro-7-(5-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (2)
Toluene (6 mL), DMA (6 mL), distilled water (1.5 mL), and 5-hexyl-2-thiopheneboronic acid and Pd2(dba)3 (3 mol%, 6.9 mg, 7.5 mol) were added. The sealed tube was evacuated and backfilled with argon five times. The reaction mixture was stirred and heated in an oil bath (90 o C) for 21 h. The reaction mixture was filtered through a thin pad of silica gel rinsing with toluene and evaporated under reduced pressure. The product was purified by using flash chromatography (SiO2, toluene).
The isolated product 3a was collected as a red solid (100. 
Synthesis of compound 4a
Compound 3a (80.2 mg, 0.14 mmol) was dissolved in CH2Cl2 (10 mL) and NBS (1.1 equiv, 27.8 mg, 0.16 mmol) was added. The reaction mixture was stirred at room temperature for 20 h. The solvent was evaporated and the crude product was subjected to flash chromatography (SiO2, toluene). 
Synthesis of compound 4b
The synthesis was carried out using the same procedure as for compound 4a. 
Synthesis of compound 5b
The synthesis was carried out using the same procedure as for compound 5a. The specific amounts of reagents used were: toluene (1.5 mL), DMA (1.5 mL), distilled water (0.38 mL), compound 4b (50.2 mg, 0.080 mmol), 9-ethylcarbazole-3-boronic acid ( 
Synthesis of compound 6a
Toluene (3 mL), DMA (3 mL), and distilled water (0.6 mL) were deoxygenated with argon 
Synthesis of compound 6b
The synthesis was carried out using the same procedure as for compound 6a. 
Spectroscopic measurements and electrochemical characterization
The steady-state absorption spectra were measured with a Shimadzu UV-3600 UV/Vis/NIR spectrophotometer both in solution and in thin films. Thin films of the three compounds were eV is the energy level of ferrocene against vacuum [30] .
Computations
All the calculations were carried out with the Gaussian 09 (Revision D.01) suite of programs [31] . The optimal dihedral angles (see Fig. S4 ) between adjoining units present in compounds 5a, 5b, 6a, and 6b were determined with the relaxed potential energy scans (PES) at 5° intervals, i.e. the selected dihedral angle was fixed while optimizing the geometry of the two-unit-entity otherwise fully with the density functional theory (DFT) at the B3LYP [32,33]/6-31+G** level of theory. Only two units of the whole molecules were included per a PES scan due to a computation demand of the diffuse basis set. In the PES studies, the ethyl and hexyl side chains were replaced with methyl groups.
Additional conformational studies were also carried out for compounds 5a and 6a (see Supplementary material for further information). The dihedral angles of compounds 5a, 5b, 6a, and 6b were set according to the PES scans and then the ground-state geometries of the whole molecules with the longer ethyl and hexyl side chains (Scheme 2) were optimized both in vacuum and chloroform at the B3LYP/6-31G** level of theory. Solvation effects were taken into account by means of the integral equation formalism of the polarizable continuum model using the dielectric constant of 4.71 for chloroform [34, 35] . The final optimized geometries (Fig. 3 ) were confirmed at the same level of theory to be the minimum energy structures by the absence of the imaginary frequency. The vertical transition energies and oscillator strengths of the compounds were determined both in vacuum and chloroform with TDDFT for the first 20 excited states at the ωB97XD/6-31G** levels of theory. The solvent TDDFT calculations were carried out using the geometries optimized in chloroform. The electronic transitions were qualitatively described using NTOs as a representation for the transition density matrix [36] . Pictorial data for the geometries, absorption spectra, and NTOs were generated using Chemcraft 1.8.
Solar cell preparation and characterization
All OSCs with a conventional device structure were fabricated onto detergent and solvent 
Results and Discussion
Syntheses
Compound 2 has previously been synthesized from compound 1 in 50% yield using Stille cross-coupling approach [37] . We found that a regioselective Suzuki-Miyaura cross-coupling between compound 1 and 5-hexyl-2-thiopheneboronic acid pinacol ester occurs in the presence of Compounds 3a and 3b [27] were brominated with N-bromosuccinimide (NBS) in CH2Cl2.
Surprisingly, these two substrates showed quite different reactivity and selectivity in bromination.
Compound 4a was isolated in good 88% yield, whereas the reaction with compound 3b gave a complicated mixture and the desired product 4b could be isolated only in 52% yield. The bromination of compound 3b also resulted in a dibrominated byproduct 7. At the final stage, compounds 4a and 4b were cross-coupled with 9-ethylcarbazole-3-boronic acid (Scheme 2). The resulting D-A type small molecule donor materials 5a and 5b were isolated in high 98 and 96% yields, respectively. The Suzuki-Miyaura cross-coupling reaction between 9-(9-heptadecanyl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)carbazole and compounds 4a and 4b gave the symmetrical A-D-A type small molecule donor materials 6a and 6b in 96 and 78% yields, respectively. The overall yields of fluoro substituted donor materials 5a and 6a were 34 and 33%, respectively, after seven reaction steps [38] . The total synthesis of compounds 5b and 6b were more difficult since, after six reaction steps, the overall yields were 21 and 17%, respectively [39] . 
Spectroscopic and electrochemical properties
The experimental UV-vis absorption spectra of compounds 5a, 5b, 6a, and 6b in chloroform solution, and those of thin films, normalized at the S0-S1 transition absorption maximum, are shown in Figures 2 (A) and (B) , respectively. The calculated time-dependent density functional theory (TDDFT) solution spectra are presented in Fig. S1 . The main results retrieved from the spectra have been summarized in Table 1 . e In chloroform and in vacuum (in parentheses); calculated at the TDDFT/ωB97X-D/6-31G** level of theory using the B3LYP/6-31G** optimized geometries. The reported transition is for the one with the largest f oscillator strength (f), i.e. absorption maximum, which corresponds to the S0→S1 transition for all compounds.
f Oscillator strengths calculated in chloroform and in vacuum (in parentheses). calculated with TDDFT, see Table 1 and the studies of the structural and charge transfer properties below. As can be seen from Fig. 2 , for all the molecules the intensity of the cyan band is higher than that of the corresponding violet band. Furthermore, for compounds 5a, 5b, 6a, and 6b, the absorption maxima are practically overlapping. Clearly, the extension of molecular structure with another A- unit as in compounds 6a and 6b has only a minor effect on the absorption range. The introduction of fluorine in the A units, with its well-known inductive effect, is responsible for the small blue-shifts of the cyan bands in 5a and 6a relative to the non-fluorinated compounds 5b and 6b. Interestingly, the fluoro substituent decreased notably molar absorption coefficients () of compounds 5a and 6a
relative to the non-fluorinated counterparts 5b and 6b, respectively. This effect is opposite to the previous observation of fluoro substitution in D-A-D type small molecule electron donors [40] .
Similarly, the TDDFT calculations predict small blue-shifts of ca. 6 nm for the fluorinated compounds relative to the non-fluorinated ones (Table 1, Fig. S1 ). Moreover, the calculated oscillator strength of the fluorinated 5a in chloroform is slightly decreased compared to 5b, whereas for the symmetric 6a
and 6b the opposite is predicted. By comparing the absorption properties of compounds 3b and 5b, the effect of the Cz unit can be clearly seen: the cyan band of 5b is red-shifted by 24 nm compared to the cyan band of 3b. However, the molar absorption coefficients are nearly the same. This result is expected, since the biggest contribution to a high  value comes from the effective conjugation between the fused BT unit and thiophene/thiazole units. The biggest difference in the absorption properties of unsymmetric compounds 5a and 5b compared to symmetric compounds 6a and 6b is that  values of the symmetrical 6a and 6b are increased notably due to their extended molecular structures. The same trend is observed in the calculated TDDFT spectra (Fig. S1 ), i.e. the oscillator strengths of 6a and 6b are significantly larger than those of 5a and 5b (Table 1 ).
In solid state spectra, the cyan bands are significantly red-shifted with respect to the cyan bands of the solution spectra, due to chromophore-chromophore intermolecular interactions in solid state. This is most evident for compounds 6a and 6b due to their extended molecular structures. The same phenomenon can be observed by comparing the solid state absorptions of compounds 3b and 5b. The cyan band of 5b is red-shifted (34 nm) compared to the cyan band of its building block 3b.
The Cz unit extends the molecular structure of 5b with respect to 3b, increasing the intermolecular interactions and, thus, causing even more pronounced red-shift of absorption in solid state than in solution. The fluoro substituent does not significantly affect the intensities and the wavelengths of cyan bands of compounds 5a and 5b are equal. The cyan band of 6a is blue-shifted with respect to 6b as in solution spectra by the fluoro substituent, while the violet band of fluorinated compound 6a is red-shifted relative to non-fluorinated compound 6b. The TDDFT calculations in vacuum predict the same trends, namely blue-shifted spectra of the fluorinated 5a and 6a with respect to the nonfluorinated 5b and 6b. Additionally, the increased conjugation in the symmetric compounds 6a and 6b red-shifts their vacuum spectra with respect to the unsymmetric 5a and 5b. The fluoro substituent decreases somewhat more the calculated oscillator strengths in 5a and 6a compared to the solvent calculations.
The electrochemical properties, i.e. the energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), of 5a, 5b, 6a, and 6b were determined by differential pulse voltammetry (DPV) in dichloromethane solution. In fact, the voltammograms, i.e. changes in current-voltage curves, presented with respect to the ferrocene couple in Fig. 3 , clearly show reversible oxidation and reduction processes [41] . They are presented in Table   1 
Structural and charge transfer properties
The optimized ground-state geometries of the compounds are presented in Fig. 4 . The adjoining thiophene, thiazole, and BT units are anti to each other, i.e. the sulfur atoms of the units are on the opposite sides of the molecules, in the energetically most preferable conformations of compounds 5a, 5b, 6a, and 6b (see Supplementary material, Fig. S2 ). In addition, thiophene and Cz are syn to each other in these structures, i.e. sulfur of thiophene and nitrogen of Cz are on the same side ( in Fig. 4) . Moreover, conformational studies of 5a suggest that the anti-orientation of thiophene with respect to Cz could also be possible, as the energy difference between these two conformations is only 0.17 kJ mol -1 . In the case of the symmetrical compound 6a, the conformational and 5b are almost identical, the only difference being a small amount of charge density localized on fluoro substituent in 5a. The same applies to 6a and 6b. Moreover, all the compounds have very similar ICT character: the holes delocalize more on thiophene/thiazole units and the six-membered ring of the BT units, while the electrons localize more on the thiazole and BT units. Strikingly, the Cz donor unit does not participate much to the charge distribution in all cases, which is most likely due to the larger torsional twists in the backbone around it. In the symmetrical compounds 6a and 6b, the charge density localizes more on the other end of the molecular backbone. The second NTO pairs of compounds 6a and 6b have the opposite charge density distributions compared to their first NTO pairs. 
Photovoltaics
In order to test the potential of synthesized organic compounds as donor materials for optoelectronic applications, BHJ OSCs were prepared with conventional device structure: glass/ITO/~5 nm MoO3/80 nm active layer/~20 nm Ca/~150 nm Ag. For the active layers, donor materials 6a and 6b were mixed with fullerene derivatives in 1.5:1 weight ratio, respectively. 80 nm thick films were produced in all cases using spin-coating. Compounds 5a and 5b were omitted due to limited film forming properties. Current-voltage measurements of the best single cells in Fig. 6 demonstrate the possibility to use compounds 6a and 6b as organic electron donor materials for both type of fullerene derivatives (PC60BM and PC70BM). The device performances in dark demonstrate good diode characteristic with low leakage current, as shown in Fig. 6 (B) and (D). When devices were illuminated with 1 sun simulated light, very good Voc (081-0.88 V) were obtained in all cases.
The best device performances were observed using PC70BM as an electron acceptor as shown 
Conclusions
Synthetic methods were developed to construct organic building blocks, which can be widely and 5b. For example, the extended molecular structure of the A-D-A type materials provides higher molar absorption coefficients and good film forming properties. These are crucial factors for efficient use of these materials in semiconducting applications. In solar cell tests, the fluoro substituent of compound 6a is responsible for the enhanced device performance (especially due to the increased FF), when comparing compounds 6a and 6b as donors with both PC60BM and PC70BM acceptors. Small molecule donor materials with a narrower bandgap would cover a broader range of the solar spectrum and increase the total absorption leading to increased photo-current. All these factors are beneficial for the material performance as an active layer component in a BHJ-based OSC device.
